We have studied the correlation between 2357 Chandra X-ray point sources in a 40 × 40 parsec field and ∼20,000 infrared sources we observed in the corresponding subset of our 2
one compact infrared source, IRS 13, coincides with any of the dozen prominent X-ray emission features in the 3 × 3 parsec region centered on Sgr A*, and the diffuse X-ray and infrared emission around Sgr A* seems to be anti-correlated on a few-arcsecond scale. We compare our results with previous identifications of near-infrared companions to Chandra X-ray sources.
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Introduction
X-ray surveys of the Galactic center with Chandra X-Ray Observatory (Wang et al. 2002; Muno et al. 2003) have provided a deep sampling of the population of X-ray point sources that shows a large increase in source density toward the Galactic Center. These X-ray sources have been modeled as a population mix of various sorts of X-ray binaries, Wolf-Rayet stars, nearby X-ray active stars in the foreground, and background AGN (Pfahl et al. 2002; Belczynski & Taam 2004; Ebisawa et al. 2005; Ruiter et al. 2006; Liu & Li 2006; Muno et al. 2006 ). However, the high extinction toward the Galactic center prohibits the detection of visible light emitted by the stellar components in the expected binaries. Near-IR searches have also had little success in detecting IR counterparts of the X-ray point sources. Several OB stars and Wolf-Rayet stars have been identified with X-ray sources by near-IR spectroscopy , Mauerhan et al. 2007 ), but the paucity of near-IR detections sets limits that suggest only a small fraction of the X-ray sources can be high mass X-ray binaries (HMXBs; Laycock et al. 2005; Bandopadhyay et al. 2006 ).
Our Spitzer Space Telescope IRAC survey of the Galactic Center (Stolovy et al. 2006 , S. Stolovy et al. 2008 in preparation) provides a new opportunity to search for IR counterparts to the X-ray sources. IRAC observations cover four broad bands at 3.6, 4.5, 5.8 and 8 µm. The survey imaged a 2.0
• × 1.4
• (280 × 200 parsec at 8.0 kpc) region of the Galactic Center with a nominal resolution of ∼ 2 ′′ (Figure 1 ). Since our observations are at longer wavelengths than ground-based near-IR (J, H, K) observations, extinction should be less of a hinderance to the detection of stellar companions. Furthermore, at the longest IRAC wavelengths (5.8 and especially 8 µm), IRAC is sensitive to circumstellar dust emission which may cause significant extinction at shorter wavelengths. Thus, comparison of the X-ray and IR point source catalogs may reveal stellar companions which are at an evolutionary stage where they produce large quantities of dust, or are simply too heavily attenuated by the line of sight extinction at shorter wavelengths.
We calculated the correlation between 2357 hard and soft Chandra X-ray sources iden-tified and catalogued by Muno et al. (2003) and the ∼20,000 Spitzer/IRAC infrared point sources that lie within a 40 × 40 parsec (20 × 20 arcmin) field at the Galactic Center ( Figure  2 ). The IR sources are a small subset of our full catalog (Ramírez et al. 2008 ) which has a mean confusion limit of [3.6] = 12.4 mag. We divide the Chandra sources by their hardness because the high column density of gas towards the GC, N H ∼ 5 × 10 22 cm −2 , absorbs all soft X-rays. Thus soft X-ray sources must be in the foreground towards the GC; hard X-ray sources can be at the 8 kpc distance of the GC or can be foreground/background sources.
Analysis

IR/X-ray Point Source Correlations
The positional uncertainty of the IRAC point sources is correlated with wavelength. In the final band-merged catalog, the reported position is that measured at the shortest IRAC wavelength at which each source was detected. Within a radius of 10 ′ from the galactic center 86% of the IRAC sources are detected at 3.6 or 4.5 µm. According to Ramírez et al. (2008) , 90% of these sources have positional errors of < 0.16 ′′ . The positional uncertainties of the X-ray sources are reported by Muno et al. (2003) to be increasing with distance from the center of the field. Based on the given information, we have assigned uncertainties to the X-ray positions that are the larger of 0.
′′ 3 or 0.209 ′′ e θ/225 ′′ , where θ is the distance from the center of the field. With this prescription, only 39 of the 2357 X-ray sources have positional uncertainties > 2.
′′ 5, and 1645 (∼ 70%) have uncertainties < 0. ′′ 8.
In light of these positional uncertainties, we searched for infrared sources that fell within three different limits (0.
′′ 5, 1 ′′ and 2 ′′ ) of the Muno et al. (2003) X-ray source positions. The tightest constraint here (0.
′′ 5), should include all associations between infrared and Xray sources with high positional accuracies. Some associations between sources with larger positional errors may be missed, but the tight limit will best exclude coincidental associations between unrelated sources along the same line of sight. The looser limits were employed to provide a more complete census of the total number of possible associations, and to provide a statistical test for random unrelated associations, which should increase directly proportionally to the area of the constraint.
Figures 3a and 4a show all the X-ray source locations plotted on the IRAC 3.6 and 8 µm images. Figures 3b and 4b show only the X-ray sources with IR counterparts within the specified limits (< 2 ′′ , 1 ′′ , 0. ′′ 5 are red, green and blue symbols respectively). Figure 5a -b illustrates the cataloged distribution of IR sources and X-ray sources. The distribution of IR sources appears uniform only because it is confusion limited. For stars much brighter than the confusion limit, the density is peaked at the Galactic center (Ramírez et al. 2008) as is that of the X-ray sources.
The number of X-ray sources N found coincident with an IR source, for each of the three radial constraints and at each IRAC wavelength is listed in Table 1 . The statistical uncertainty on N is given by σ N = √ N. The X-ray and infrared sources in the study field show an extremely weak correlation. Fewer than 7% of the 2357 X-ray sources had 3.6 µm counterparts in the catalog of IRAC infrared sources in a 1 ′′ sampling radius, and most of these are likely to be false identifications. The number of counterparts decreases with increasing wavelength.
Likelihood of Chance Associations
We determined the likelihood of false correlations in the crowded infrared field by repeating the same correlation analysis eight additional times, but with the X-ray source position template offset from the nominal location, in a 5
′′ -pitch regular grid of eight positions N-S and E-W of center. Figure 5c shows the distribution of the X-ray sources with 3.6 µm counterparts (within 1 ′′ ), and Figure 5d shows the distribution when the IR sources are artificially offset by 5
′′ . The mean number of X-ray sources with IR counterparts in these offset comparisons is listed in Table 1 as M, with σ M = M/8. The number of coincidences found in excess of chance is N − M. This excess is typically 1% of the X-ray sources, and never larger than 3 times the statistical uncertainty. However, the fact that M increases proportionally to the area of the matching constraint, while N increases more slowly, is another indication that (depending on wavelength) roughly 10-30 of the matching IR and X-ray sources are real associations. There are no cases of multiple candidates within circles of 0.
′′ 5 or 1 ′′ , and only 11 sources with 2 candidates within a 2 ′′ circle. These numbers are lower than expected by random chance because the width of the IRAC beam prevents resolving sources that are closer together than ∼ 3 ′′ .
As some of the X-ray sources do have fairly large positional uncertainties, we have repeated the matching using only the X-ray sources with uncertainties < 0.
′′ 8. These results are shown in Table 2 . Qualitatively, the results are similar to Table 1, in that the offset matching tests usually find fewer matches than the properly aligned tests. Also the number of matching sources (N) again rises more slowly than is expected (and measured by M) for purely random associations. However, because the overall sample size is reduced by a factor of 0.7, the results are not as statistically significant as those obtained using the full sample.
An interesting difference appears if we separate the X-ray sources according to their spectral hardness. There is a modest excess in the number of soft X-ray sources (defined as those with detections in the 0.5-2.0 keV band) with infrared counterparts above that expected from random chance (Table 3 ). There is a 4σ excess in the number of soft X-ray sources with IR counterparts at 3.6 µm compared to a 2σ excess in the correlations at 8.0 µm. Again the trend persists, but with lower statistical significance, if we limit the X-ray data set to those sources with positional uncertainties < 0.
′′ 8 (Table 4) . Based on the soft X-rays observed from these sources (and therefore their relatively low column densities), we expect that the soft X-ray sources are foreground objects, and not at the distance of the Galactic Center. The excess soft X-ray/IR correlation is therefore likely due to these sources being nearby, rather than being intrinsically bright in both wavebands. In contrast, the hard X-ray sources seem to have only as many infrared counterparts as would be expected from random associations (Tables 5 and 6 ). This is indicated both by the comparison of the aligned and offset matching (N vs. M), and by the way N increases proportionally to the area of the matching constraint.
Results
We provide a listing of IR and X-ray sources coincident within 1 ′′ in Table 7 . The table is provided to facilitate follow up research on these sources, but we remind the reader that the majority of these associations are likely to be merely coincidental. The table contains designations and coordinates from each catalog, along with the IR magnitudes, an indication X-ray spectral hardness, and the actual separation between the associated sources. Much additional information can be found by consulting the original catalogs (Muno et al. 2003; Ramírez et al. 2008) .
Nature of the Correlations
The spatial distribution of soft X-ray sources is less concentrated toward the Galactic Center than that of the hard sources. Figure 6 shows the cumulative distributions of distance from Sgr A* for all X-ray sources and for the hard and soft sources separately. Also shown is the distribution of the 51 sources which had 3.6 µm IR counterparts within 0.
′′ 5. These distributions can be compared statistically using the Kolmogorov-Smirnov (K-S) test (e.g. Press et al. 1986 ). This test measures the maximum separation D between two cumulative distributions. Then we calculate that probability of having the two distributions differ by D or larger, under the assumption that they are sampled from the same parent distribution. By this statistic, the probability of finding the observed D(hard−sof t) is essentially 0, if the two types of X-ray source really have the same radial spatial distribution with respect to Sgr A*. The probability of finding the observed D(hard − 3.6µm) is 0.01, and the probability of finding the observed D(sof t − 3.6µm) is 0.72. Thus, the K-S test indicates that it is statistically unlikely that the hard X-ray sources and the set of matching 3.6 µm IR sources share the same degree of clustering toward the Galactic Center. Whereas the distribution of the matching 3.6 µm IR associations is entirely consistent with that of the soft X-ray sources. This is further evidence that a substantial majority of IR counterparts are associated with the soft X-ray sources rather than the more numerous hard sources. For comparison the distribution of all 3.6 µm sources within the same area of the X-ray sources is also shown in Figure 6 . As would be inferred from Figure 5a , this distribution is very close to (but not exactly) uniform. The probability of finding D(unif orm − all 3.6µm) is 0.03.
Infrared Colors of Counterparts to X-ray Sources
We next investigated the colors of the potential IR counterparts, to see if they might be useful for separating intrinsic IR/X-ray sources from the random associations. The colormagnitude diagram for the 17613 IRAC sources in the 40 × 40 parsec study region that were detected at both 3.6 and 4.5 µm is shown in Figure 7 . The circles and squares indicate IR stars that are identified with hard and soft X-ray sources, respectively, in the Muno et al. (2003) catalog. 42 X-ray sources had IRAC sources falling within 0.
′′ 5 of the nominal X-ray positions (large circles/squares), 130 had IRAC sources within 1 ′′ (medium circles/squares), and 394 had IRAC sources falling within 2 ′′ (small circles/squares). See Tables 1-3 for details, including statistics for hard and soft X-ray sources.
The colors of the possible infrared counterparts do not seem to be unusual in any way. The distribution of colors of those infrared stars that have coincident X-ray sources is essentially the same as the distribution of all other infrared stars in our sample. There is also no apparent differentiation between the colors of infrared stars as a function of their distance from the X-ray source. The K-S test reveals no significant difference between the color distributions of the infrared candidates and the larger sample of all infrared sources within the field. Thus, the observed colors of the IRAC point sources are of little use in attempting to discriminate between real and coincidental X-ray/IR correlations.
Infrared and X-ray Sources at the Central Parsec
Casual inspection of the Chandra and Spitzer/IRAC images gives the impression that the bright X-ray cluster at the Galactic Center is well-correlated with the infrared emission. However, closer examination shows that only one of the bright, compact mid-infrared sources, IRS 13, coincides with any of the discrete X-ray sources in the central 3 × 3 parsecs (Figure 8 ). The separation between the X-ray and IRAC positions is < 1 ′′ (see source SSTGC 0524504 in Table 7 ). Notably, IRS 13 has been proposed as a candidate host for an intermediate black hole (Maillard et al. 2004 ). While we do also detect IRS 10* (= IRS 10EE), the mid-infrared counterpart to an SiO maser source, with Spitzer/IRAC, and Peeples et al. (2007) identify a Chandra X-ray source with IRS 10*, that X-ray source is more than 2 ′′ east of IRS 10* so it does not meet our correlation criteria. Peeples et al. (2007) find spatial coincidences between Chandra X-ray sources and five other point sources they observe at 1.6 and 2.2 µm, but we do not detect any of these sources with Spitzer/IRAC. Thus, with the exception of IRS 13, none of the point sources in the central 3 × 3 parsecs imaged in the Spitzer/IRAC 3.6 -8.0 µm survey, and none of the compact 12 µm IRS sources imaged with sub-arcsec resolution by Gezari et al. (1996) , have X-ray counterparts. The X-ray emission in the immediate vicinity of Sgr A* is discussed in Gezari et al. (2006) .
Discussion
Several population studies have been done to estimate what the relative contributions of different X-ray sources are to the Galactic Center catalog of Muno et al. (2003) or other Galactic Center X-ray surveys. These models give insight into what infrared counterparts we might hope to find with Spitzer/IRAC. The Galactic Center is thought to contain a mix of CVs, magnetically accreting CVs (intermediate polars), low-mass X-ray binaries (LMXBs), high-mass X-ray binaries (HMXBs), massive stars with strong winds, colliding wind binaries, and pulsars (Pfahl et al. 2002; Belczynski & Taam 2004; Ruiter et al. 2006; Liu & Li 2006; Muno et al. 2006) . We would like to know which of these are most likely to be detectable at a distance of 8 kpc with Spitzer/IRAC. The donor stars for HMXBs, massive stars with strong winds, and colliding wind binaries are O stars and Wolf-Rayet stars. These stars are luminous enough to be detected with Spitzer/IRAC, especially if they have circumstellar dust or heat the surrounding interstellar medium. The donor stars for CVs, intermediate polars, and LMXBs are probably not luminous enough to be detected with Spitzer/IRAC unless they are a red giant or they are surrounded by circumstellar dust.
The INTEGRAL gamma-ray observatory has discovered a new class of hard X-ray source in the Galactic plane: highly obscured HMXBs, with hydrogen column densities much higher than predicted by their extinction, due to intrinsic absorption in the wind of the supergiant secondary (Dean et al. 2005; Walter et al. 2006) . Spitzer/IRAC photometry of highly obscured supergiant HMXBs has detected moderate infrared excesses from a hot dust component, but with roughly a 25% success rate (Kaplan et al. 2006; Rahoui et al. 2008) . However, none of these cases show evidence for a large mass of cooler dust in the systems, which could lead to a rising mid-IR spectrum at wavelengths 5µm. Our lack of detection of a large number of 8 µm counterparts suggests that the GC X-ray sources also lack massive dusty shells. Pfahl et al. (2002) conclude that most of the X-ray sources found by Wang et al. (2002) (2006) also includes 3.6 cm radio data. They discard all soft X-ray sources, because the interstellar absorption to the Galactic Center will absorb all soft X-ray emission from there. They also discard all 2MASS sources with blue J-K colors as being foreground sources, because the interstellar extinction to the Galactic Center reddens all sources there. They use near-IR spectra to identify three , one , and two (Mauerhan et al. 2007 ) massive stars in the Galactic Center with X-ray emission. That so much effort has gone into identifying a total of six massive stars with X-ray emission, either from colliding winds or from accretion onto a compact companion, out of more than a thousand hard X-ray sources in the Galactic Center, underscores the difficulty of observing infrared emission from the donor stars for X-ray sources in the Galactic Center. Bandyopadhyay et al. (2005) , reported that roughly 75% of a sample of 77 hard X-ray sources had faint (K = 13−20) candidate K-band counterparts within a 1.
′′ 3 radius. However, they noted that this is exactly the number of random associations that they predict from a Monte Carlo simulation. Thus although Bandyopadhyay et al. (2005) identified 58 K-band "candidates" none of these sources are likely to be real infrared counterparts to the hard Xray sources in their sample. Correlations at H and J bands did show small statistical excess above the randomly expected number of associations. Follow-up spectroscopic observations by Bandyopadhyay et al. (2006) failed to find indications of accretion (e.g. Br γ emission) among 28 candidates observed. They conclude that the apparent associations are merely foreground stars, and that the X-ray sources are likely dominated by a population of low mass X-ray binaries (LMXBs) and cataclysmic variables (CVs) with K > 20. Laycock et al. (2005) compared 1453 hard and 105 soft X-ray sources with near infrared stars from the 2MASS survey and concluded that high-mass X-ray binaries are not the dominant hard X-ray source population.
Unlike the hard X-ray sources examined by Bandyopadhyay et al. (2006) , we clearly do detect (if only in a statistical sense) a population of sources with both soft X-ray and infrared emission, notably in the 3.6 and 4.5 µm bands (a net excess of ∼ 34±8 sources in these bands when a positional agreement of < 1 ′′ is required; see Table 3 ). These sources represent ∼ 6% of the complete soft X-ray sample and, as noted previously, are likely foreground sources rather than being intrinsically bright in IR and X-rays. Ebisawa et al. (2005) observed a blank part of the galactic plane with Chandra, and were able to find 2MASS identifications for almost all their soft X-ray sources; they concluded they were nearby active stars on the main sequence. For comparison, Sidoli et al. (2001) found 107 sources in a 12 deg 2 region around the GC surveyed with the ROSAT PSPC, which was sensitive to X-rays between 0.1-2.4 keV. Of these 107, they identified 20 (or 19%) as being associated with stars, noting that these have softer or less absorbed spectra. Although our data cannot conclusively determine if the softer X-ray sources with IR counterparts are indeed from a different population than the sources without counterparts, this could be tested with more observations and may represent a method to eliminate foreground sources from a GC catalog.
The donor stars in both LMXBs and CVs at the GC are expected to be too faint to be detected in our IRAC survey. Over the full IRAC GC survey, Ramírez et al. (2008) set mean confusion limits at 12.4, 12.1, 11.7 and 11.2 mag for 3.6, 4.5, 5.8 and 8 µm respectively. However, because of the general increase in the volume density of stars with decreasing distance from the Galactic Center, confusion limits are about 2 magnitudes brighter in the vicinity of Sgr A (see Fig. 8 of Ramírez et al. 2008) . Given a distance modulus of 7.26 and extinction of about 1.5 -2 magnitudes, scaled from A K ≈ 3.3 (Blum et al. 1996) , using either the Indebetouw et al. (2005) or Flaherty et al. (2007) extinction laws, we should only detect sources with absolute magnitudes 1. Variations in extinction across the region may alter the apparent magnitudes of some IR sources, but the main limitation of the IRAC survey is due to confusion, not extinction nor sensitivity. At 8 µm and to a lesser degree at 5.8 µm, a large instrumental beam, and confusion from the diffuse ISM are additional limitations which reduce the number of sources detected compared to 3.6 and 4.5 µm. While the extinction is not the dominant factor in the detection of the IR sources, it is interesting to note that extinction appears to have a strong effect on the distribution of the X-ray sources. In Figures 3a and 4a , there is an evident correlation between a relatively low X-ray source density and an IR dark cloud (IRDC) to the southeast of the Galactic Center.
Conclusions
We have analyzed the possible correlations between the largest number of candidate sources to date: 2357 X-ray sources (of which 1809 are hard X-ray sources most likely located at the Galactic Center) and ∼20,000 Spitzer/IRAC infrared point sources. Source confusion limits our correlations to only bright infrared sources with absolute magnitudes 1 if located near the Galactic Center. The lack of any significant correlation between hard X-ray sources and 3.6 -8 µm infrared point sources suggests that there is no unique population of sources that are bright at both X-ray and 3.6 -8 µm wavelengths. Based on this study, we can set the upper limit on the fraction of all hard X-ray sources that can be bright at both X-ray and 3.6 -8 µm wavelengths to be < 1.7% (3σ).
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a soft = detected in the 0.5-2.0 keV band; hard = not detected in the 0.5-2.0 keV band.
b Separation between IR and X-ray source positions. -The 40 × 40 parsec infrared and X-ray field that was used for the X-ray/infrared point source correlation study. Left: Composite 3.6 (blue), 5.8 (green) and 8.0 µm (red) Spitzer/IRAC image of the 40 × 40 parsec study field. It yielded ∼20,000 infrared point sources. Right: Composite Chandra image of the study field (Wang et al. 2002) ; red = 1 -3 keV, green = 3 -5 keV, blue = 5 -8 keV. Equatorial north is up, east is right. Fig. 3. -(a) Our Spitzer/IRAC 3.6 µm image, showing the ∼20,000 compact infrared sources brighter than [3.6] = 12 that we extracted in a 40 × 40 parsec subset of the survey region (Ramírez et al. 2008) , overlaid with 2357 hard and soft X-ray sources (orange circles) identified by Muno et al. (2003) . (b) The same 3.6 µm image is shown. Here, only the X-ray point sources that fell within 0.
′′ 5 (blue), 1 ′′ (green), and 2 ′′ (red) of a 3.6 µm source are indicated. Hard X-ray sources are indicated by crosses; soft sources are indicated by circles. The six white squares indicate the locations of the massive young stars studied by . All six are detected by IRAC, but only three are X-ray sources. ′′ 5 (blue), 1 ′′ (green), and 2 ′′ (red) of an 8.0 µm source are indicated. Hard X-ray sources are indicated by crosses; soft sources are indicated by circles. The six white squares indicate the locations of the massive young stars studied by . All six are detected by IRAC, but only three are X-ray sources. ′′ from the source positions in (a) results in an average of 120 IRAC 3.6 µm sources within 1 ′′ of X-ray source, suggesting that these are chance associations. The actual correlation of 3.6 µm and X-ray point sources within 1 ′′ is therefore probably not greater than 2%. Fig. 6 .-The cumulative radial distributions with respect to Sgr A* are shown from all X-ray sources, only the hard sources, only the soft sources, and only the sources with matching 3.6 µm sources within 0.
′′ 5. The K-S test indicates that the hard sources have a statically different distribution than the soft sources and the sources with IR counterparts. The distributions of soft sources and sources with 3.6 µm counterparts are not significantly different. The thick red line shows the corresponding distribution for all 3.6 µm sources within the same region as the X-ray sources. This distribution differs only slightly from that expected for a uniform source density across the region. Fig. 7 .-IR stars with X-ray candidates have typical colors. Color-magnitude diagram for 17613 IRAC sources (small black dots) that were detected in both channels 1 and 2 (3.6 µm and 4.5 µm) in the 40 × 40 parsec study region. 42 X-ray sources had IRAC sources lying within 0.
′′ 5 of the nominal X-ray positions (large symbols), 130 had IRAC sources within 1 ′′ (medium symbols), and 394 had IRAC sources within 2 ′′ (small symbols). Square symbols indicate soft X-ray sources; circles indicate hard X-ray sources. The horizontal and diagonal dotted lines indicate the levels at which saturation may begin to affect the 3.6 and 4.5 µm photometry respectively (Ramírez et al. 2008) . ′′ 5, 1 ′′ and 2 ′′ are indicated by blue, green and red symbols, respectively. Hard X-ray sources are indicated by crosses; soft sources are indicated by circles. IRS 13 is at the green circle nearest to the center of the image. (bottom) The same view at 8 µm with the matching X-ray and 8 µm point sources superimposed.
